G72 is a strong candidate susceptibility gene for schizophrenia and bipolar disorder, whose function remains enigmatic. Here we show that one splicing isoform of the gene (LG72 ) encodes for a mitochondrial protein. We also provide convergent lines of evidence that increase of endogenous or exogenous G72 levels promotes robust mitochondrial fragmentation in mammalian cell lines and primary neurons, which proceeds in a manner that does not depend on induction of apoptosis or alteration in mitochondrial transmembrane potential. Finally, we show that increase in G72 levels in immature primary neurons is accompanied by a marked increase in dendritic arborization. By contrast, we failed to confirm the originally proposed functional interaction between G72 and D-amino acid oxidase (DAO) in two tested cell lines. Our results suggest an alternative role for G72 in modulating mitochondrial function.
Introduction
The G72/G30 locus may be one of several loci that account for the evidence of linkage between schizophrenia and bipolar disorder to a broad region on chromosome 13q. 1 A recent meta-analysis of published association studies 2 shows significant evidence of association of nucleotide variations in the G72/G30 locus with both schizophrenia and bipolar disorder. The G72 and G30 genes are transcribed in the opposite direction, but only G72 appears to be actively translated. 3 G72 is a novel, primate-specific gene encoding for a protein with no recognizable motifs and a high alpha-helix content suggestive of a membrane localization. 4 Notably, G72 represents a rare case of a primate-specific gene with a rapidly evolving protein structure. 3, 5 The gene is located within a genomic region enriched in repeat elements, and a part of its coding sequence and 5 0 flanking region have been derived from long terminal repeat elements (http://genome.ucsc.edu). 6 G72 shows a complex alternative splicing pattern, and several splicing isoforms have been described. Among them, LG72 presents the longest open reading frame 3, 7 and is the focus of the present study.
One hypothesis regarding the function of this gene is based on in vitro observations suggesting that G72 (specifically LG72) binds to and activates D-amino acid oxidase (DAO), 3 an enzyme known to oxidize D-amino acids such as D-serine, an agonist of N-methyl-D-aspartic acid (NMDA) receptors. 8 These in vitro results suggested a role for the G72 gene in the regulation of NMDA-type glutamate receptors signaling in specific parts of the human brain. A conceptually attractive model emerged where individuals who overproduce G72, could exhibit a lower NMDAtype glutamate receptor activity predisposing them to schizophrenia, according to the well-established glutamate hypofunction hypothesis in schizophrenia. 9 Although an interaction between G72 and DAO remains to be demonstrated in vivo, the gene was annotated D-amino acid oxidase activator (DAOA). Here, we provide convergent evidence that G72 encodes for a mitochondrial protein, but we fail to confirm the proposed association between G72 and DAO in two tested cell lines. Instead, our results suggest an alternative role for G72 in modulating mitochondrial function.
Materials and methods

Constructs
G72 cDNA was amplified from adult amygdala human RNA by reverse transcription (RT)-PCR using random hexamer oligonucleotides and the following sequence-specific oligonucleotides were used for the amplification of G72 cDNA: 5 0 -ATGCTGGAAAAGCTGATGGG-3 0 and 5 0 -TCATT CAGCTTTGGTAGAAGTTATTTC-3 0 . G72 cDNA was cloned via XhoI and HindIII restriction sites into pcDNA3.1/myc-His A vector (Invitrogen, Carlsbad, CA, USA) in frame with the myc tag, or in a pcDNA3.1 vector. Mouse and human DAO cDNAs were amplified by PCR from publicly available expressed gene sequence tag (ESTs) and cloned into the pCMVTag4a vector (Stratagene, La Jolla, CA, USA) in frame with the FLAG tag. The mutations for the generation of the G72K, and the N-and C-terminal deletion mutants were introduced by PCR mutagenesis. All constructs were verified by sequencing. The Drp1K38A-myc is a kind gift from M Sheng.
Primary antibody
Rabbit polyclonal antibody was raised against a peptide corresponding to amino acids 51-69 of the LG72 protein. The antiserum was purified using the Melon antibody purification kit (Pierce, Rockford, IL, USA), and its specificity was determined by immunocytochemical and Western blot analysis of cells overexpressing G72, using the pre-immune serum as a control.
Cell culture and transfection
All cell lines were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) and 0.5 mM L-glutamine. Primary cultures of rat hippocampal neurons were prepared as described. 10 The entire hippocampus from day-18 embryos was dissected and dissociated with trypsin treatment and trituration. Cells were plated on poly-Dlysine coated 12-mm glass coverslips at a cell density of 3 Â 10 4 . Neurons were maintained in Neurobasal medium supplemented with B-27, 0.5 mM L-glutamine, penicillin and streptomycin, and transfected with G72-myc on growth day 7. All cell types were transfected using Lipofectamine 2000 (Invitrogen), according to the recommendations of the manufacturer. For mock transfections, cells were transfected with the empty pcDNA3.1/myc-His A vector. All cellculture supplies were from Gibco (Carlsbad, CA, USA), if not otherwise stated.
Immunocytochemistry
Cells were washed with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde (PFA) in PBS for 20 min at room temperature. After washing, cells were permeabilized with 0.3% Triton X-100 in PBS and incubated in 3% BSA/0.1% Triton X-100/ PBS for 30 min at room temperature. This was followed by incubation with primary antibodies in the blocking solution overnight at 41C. After washing, appropriate Alexa Fluor-conjugated secondary antibodies (Invitrogen) were used. Myc-tagged G72 was detected using a mouse anti-c-myc antibody (Calbiochem, San Diego, CA, USA, 1:1000), or a rabbit antic-myc antibody (1:1000, Santa Cruz Biotechnologies, Santa Cruz, CA, USA). Nontagged G72 was detected with the rabbit anti-G72 antibody (1:200). Endogenous G72 in HeLa cells was detected using the anti-G72 antibody (1:100). For the labeling of mitochondria we used MitoTracker Red (Invitrogen) following the manufacturer's instructions, or a mouse anti-cytochrome c antibody (clone 6H2.B4, 1:1000, BD Biosciences, San Diego, CA, USA). Peroxisomes were detected using rabbit anti-PMP70 (1:1000, Invitrogen). Flag-tagged DAO was detected using a rabbit anti-flag antibody (1:1000, Sigma, St Louis, MO, USA), while endogenous DAO was labeled using a sheep-anti-DAO antibody (1:500, Rockland, Gilbertsville, PA, USA). In triple-labeling experiments, myc-tagged DrpK38A was detected using a guinea-pig anti-myc antibody (1:1000, a gift from the Jessell lab, Columbia University, NY, USA), G72 was detected using the rabbit anti-G72 antibody (1:200) and cytochrome c was detected with the mouse anti-cytochrome c antibody (1:1000). For the detection of cellular compartments the following antibodies were used: mouse anti-Golgin (1:200, Invitrogen) for the Golgi apparatus, mouse anti-EEA1 (1:200, BD Biosciences) for the early endosome, mouse anti-Lamp2 (1:1000, Santa Cruz Biotechnologies) for the lysosome and goat anti-GRP78 (1:1000, Santa Cruz Biotechnologies) for the endoplasmic reticulum. For the detection of mitochondrial membrane potential Mitochondrial MitoTracker, H 2 MRos was added to the medium in a final concentration of 0.5 nM for 30 min. After this pulse, the cells were cultivated in growth medium without dye for 10 min before fixation.
Quantification of mitochondrial fragmentation
For the quantification of mitochondrial fragmentation, Cos7 cells or primary hippocampal neurons grown on same cell slides were transfected with the appropriate expression constructs, and 15 or 20 h following transfection were stained with anti-G72 and anti-cytochrome c antibodies, as described. Images were captured with a wide-field fluorescence Axioplan 2 microscope (Zeiss, Jena, Germany), and cells were categorized according to their mitochondrial morphology visualized by anti-cytochrome c. For the quantification of fragmentation in HeLa cells, cells were stained with anti-G72 and anti-cytochrome c antibodies as described. Images were captured with a set exposure time of 1 s, and the cells were categorized according to their mitochondrial morphology visualized by anti-cytochrome c.
Dendritic arborization analysis
For the quantification of dendritic branching, rat primary hippocampal neurons were transfected with G72-myc and green fluorescent protein (GFP) at DIV 6 or DIV 11, fixed 20 h later and stained with rabbit anti-myc antibody (1:1000, Santa Cruz Biotechnologies) and mouse anti-MAP2 antibody (1:100, Sigma). Secondary Alexa-coupled anti-rabbit (546) and 
Statistical analysis
The w 2 test was used for the analysis of the frequency distribution of mitochondrial morphotypes. Student's t-test was used for the analysis of dendritic branching and the number of mitochondria in dendrites.
DAO activity assay A cell-based DAO activity assay was developed based on a method described by Horiike et al.
11 U251 glioblastoma cells, which were shown to express endogenously DAO, were transfected with either G72 or flag-tagged human DAO (as a positive control). The following day, cells were fixed and stained with antibodies against the flag-tag and G72, as described above. After exposure to secondary antibodies and 4 0 ,6-diamidino-2-phenylindole (DAPI), cells were incubated for 3 h at room temperature in a buffer containing 22 mM D-proline (Sigma) acting as a substrate for DAO, 0.1% horseradish peroxidase (Pierce), 0.065% sodium azide (Sigma) and Alexacoupled tyramide (1:1000, from the Tyramide Signal Amplification Kit, Molecular Probes). In the presence of peroxide released by DAO activity, horseradish peroxidase catalyzes the deposition of alexa-tyramide into an insoluble fluorescent precipitate. After the incubation, cells were washed with PBS and mounted with ProLong Gold Mounting medium (Invitrogen).
Isolation of mitochondria and Western blotting
Mitochondria were isolated by using the Mitochondria Isolation Kit for Cells from Pierce, according to the instructions of the manufacturer. The mitochondrial pellet was solubilized in 1% n-dodecyl bmaltoside (Sigma) in PBS and boiled in loading buffer. Western blotting was performed using 4-12% gradient NuPage gels (Invitrogen). Proteins were transferred onto a nitrocellulose membrane (Invitrogen), and the blots were blocked with 5% nonfat dry milk powder in 0.05% Tween-20/PBS. For the analysis of the human amygdala samples, 75 mg of total amygdala protein and of amygdala membrane protein (Biochain Institute, Hayward, CA, USA) were boiled in loading buffer and loaded on a gel. For the detection of proteins, the following antibodies were used: purified rabbit-anti G72 (1:100), mouse anti-c-myc (1:2000, Calbiochem), rabbit anti-prohibitin (1:2,000; Abcam) and rabbit anti-flag (1:8000, Sigma).
Immunoprecipitation
Cos7 cells transfected with G72-myc and DAO-flag, or the PCDNA 3.1 vector were harvested, sonicated in radioimmunoprecipitation buffer (RIPA) (1% Nonidet P-40 (Sigma), 0.5% sodium deoxicholate (Sigma), 0.1% sodium dodecyl sulfate (Fischer Biotech, Waltham, MA, USA) and complete protein inhibitor cocktail tablets (Roche)) and centrifuged at 14 000 g for 15 min at 41C. Supernatants were incubated with the mouse anti-c-myc antibody (Calbiochem) at 41C. After 2 h, G-protein-coupled agarose beads (Pierce) were added, and incubated overnight at 41C. The following day, beads were collected by centrifugation and washed three times. Beads were boiled in loading buffer containing a reducing agent and centrifuged. The supernatant and the flow-through were loaded on a 4-12% gradient NuPage gels (Invitrogen), and the protein bands were detected using Western blotting, as described above.
Cell-death detection assays and immunocytochemistry
Fifteen or 20 h after transfection Cos7 cells were fixed, permeabilized, blocked as described above and incubated with purified anti-G72 antibody (1:200) for 2 h at room temperature. After incubation with the secondary antibody and counterstaining with DAPI, cells were TUNEL-stained using the in situ Cell Death Detection Kit Fluorescein (Roche) according to the instructions of the manufacturer. For the assessment of cytochrome c release, cells were transfected for 36 h and stained with anti-G72 and anti-cytochrome c, as described above. As a positive control, some cells were treated with 10 mM actinomycin D (Biovision, Mountain View, CA, USA), for 7 h before fixation.
Results
Mitochondrial localization of G72
To determine the precise subcellular localization of G72, Cos7 cells were transfected with a myc-tagged full-length G72 expression construct. The labeling was localized to distinct punctuate and tubular structures, reminiscent of mitochondria. Double immunocytochemical labeling using an anti-myc antibody revealed congruent localization with mitochondrial markers, cytochrome c and Mitotracker ( Figure 1A , a-f). We could not find any appreciable overlap with subcellular compartments other than mitochondria (Supplementary Figure 1 , see also below). To exclude potential localization artifacts due to the presence of the C-terminal myc epitope, we also expressed nontagged G72 in Cos7 cells and detected it using an anti-G72 antibody raised against amino acids 51-69 of the LG72 protein. The specificity of the antibody was confirmed by a peptideinhibition assay (Supplementary Figure 2) . This analysis confirmed the mitochondrial localization of G72 ( Figure 1A , g-i). In addition to Cos7 cells, exogenous G72 is found in mitochondria of human glioma U251 cells ( Figure 1A , j-l), primary rat neurons ( Figure 1A , m-o), as well as human astrocytes (not shown). To further support the immunocytochemical findings, we isolated mitochondria from G72-myc transfected cells, prepared protein extracts and analyzed them by Western blotting. As expected, we found that G72 was abundant in the mitochondrial fraction, while none was found in the cytoplasmic fraction, a distribution pattern that parallels that of prohibitin, a protein located in the inner membrane of mitochondria ( Figure 1B ). It should be noted that a single-nucleotide polymorphism leading to a lysine/ arginine polymorphism at position 29 of the G72 open reading frame (R29K), has been described previously. 3 The experiments outlined above were performed with the G72R29 form, but transient transfection of Cos7 cells with a G72 expression construct in which the arginine at position 29 has been replaced by a lysine (G72K29) showed that this variant is also targeted to mitochondria (not shown).
To determine the localization of endogenous G72, we used Western blot analysis to probe human cell lines derived from glioblastoma (U251), neuroblastoma (SKNAS and SKN-BE), hepatocellular carcinoma (HEP2G), cervical carcinoma (HeLa), embryonic , U251 human glioma cells (j-l) and rat hippocampal neurons (m-o) transfected with a G72 construct and immunostained with an antibody against G72 and the mitochondrial marker cytochrome c. In addition to the strong mitochondrial signal, the anti-G72 antibody occasionally detects a weaker nuclear signal. This signal is not detected with the anti-myc antibody in G72-myctransfected cells and is most likely nonspecific. Scale bar, 10 mm. (B) Western blot analysis of protein extracts prepared from mitochondria isolated from G72-myc-transfected Cos7 cells, probed with a myc-epitope recognizing antibody. G72 distribution in the mitochondrial pellet, but not in the cytoplasm, parallels that of the mitochondrial protein prohibitin. (C) Western blot analysis on mitochondrial extracts from six human cell lines and Cos7 cells reveals no evidence of G72 expression. For the positive control (PC) Cos7 cells were transfected with recombinant G72. (D) (a-d) Endogenous G72 detected in HeLa cells. Only few cells (B0.1%) express G72 in levels high enough to be detected (a). In expressing cells, G72 is invariably localized to mitochondria (b-d). (E) Left: Western blot analysis of human amygdala lysate probed for endogenous G72. An 18 kDa band is detected in the membrane fraction (M), which is enriched for the mitochondrial protein prohibitin, but not in the total amygdala protein extract (T ) by a G72 antibody, but not by the pre-immune serum. Right: Western blot analysis of protein extract from G72-transfected Cos7 cells reveals a band at the expected size of 18 kDa.
G72 schizophrenia susceptibility gene, and mitochondrial function M Kvajo et al kidney (293T), as well as primary human astrocytes (not shown). Probing with the anti-G72 antibody failed to reveal any evidence of endogenous G72 protein in these cell lines ( Figure 1C) , possibly indicating the cell-type-specific differences in expression levels. Immunocytochemical analysis provided similar results, with the exception of Hela cells where, unexpectedly, the anti-G72 antibody detected a variegated pattern of G72 expression in a very small number (B0.1%) of HeLa cells ( Figure 1D, a) . The level of expression was overall low and somewhat variable, and in all expressing cells the protein was invariably localized to mitochondria, thus confirming our findings with exogenously expressed G72 ( Figure 1D , b-d). The reason for this low-frequency variegated pattern of expression is unknown, but it may be related to cytogenetic instability and karyotypic variability of this cell line 12, 13 and also possibly to the unusual genomic structure of the G72 gene, in particular its location within a genomic region enriched in Long Terminal Repeat Elements 6 which are prone to transcriptional silencing.
14 In addition to LG72, the anti-G72 antibody is expected to detect two other splice variants, Variant 3 and Variant 4 (http:// genome.ucsc.edu) (Supplementary Figure 3) . RT-PCR analysis in HeLa cells detected LG72 transcript, but none of the other two variants appear to be expressed (Supplementary Figure 3) . G72 transcript has been detected at low levels in the human brain, especially in the amygdala and caudate nucleus, 3 but native G72 protein has not been detected previously in these tissues. We used Western blot analysis to probe the membrane fraction, as well as the total protein lysate prepared from human amygdala. The distribution pattern of prohibitin was used to confirm that the membrane fraction is enriched for mitochondrial proteins ( Figure 1E , left). In agreement with our finding that G72 is a mitochondrial protein, probing with the anti-G72 antibody revealed an 18 kDa band (the size of the recombinant G72 expressed in Cos7 cells, Figure 1E , right) in the membrane fraction only ( Figure 1E, left) , consistent with the presence of endogenous G72 protein in this brain region.
Mitochondrial localization of G72 depends on intact N-terminal domain
Mitochondrial targeting information is commonly encoded within the 20-50 amino acids of the N-terminal portion of a protein. 15 We, therefore, examined the subcellular distribution of a G72 deletion mutant lacking the first 25 amino acids (G72del25) and found that this N-terminal deletion partially abolishes mitochondrial targeting and results in a diffuse cytoplasmic distribution of the truncated protein (Figure 2A, a-c) , although partial localization to mitochondria was still observed in B40% of the cells (not shown). A slightly larger N-terminal deletion encompassing the first 35 amino acids still showed partial mitochondrial localization, whereas an N-terminal deletion encompassing the first 50 amino acids resulted in protein degradation (data not shown). To further investigate the subcellular localization of G72, we created a C-terminal deletion mutant lacking the last 33 amino acids (G72delC33), equivalent in length to the G72 gibbon orthologue. 3 This deletion did not abolish its mitochondrial localization (Figure 2A, d-f) . A larger C-terminal deletion encompassing the last 43 amino acids still showed mitochondrial localization ( Figure  2A, g-i) . Interestingly, the expression levels of these two deletion mutants appeared to be significantly lower than the wild-type G72 ( Figure 2B ), suggesting that the stability of the protein may be affected.
Increase in G72 levels results in mitochondrial fragmentation in cell lines
In the course of our experiments, we observed that the typically vesicular distribution of mitochondria in G72-transfected cells differs markedly from the Figure 3A, a) , an observation suggestive of an effect of G72 on mitochondrial morphology. With prolonged expression of G72, the mitochondria in Cos7 cells, as well as in human glioblastoma U251 cells and human astrocytes (not shown) became more fragmented with tubular forms less prominent ( Figure 3A, b, c) . Mitochondrial shape is controlled by a dynamic interplay between membrane fusion and fission, which are in turn controlled by a number of recently identified molecules. 16 We quantified the morphological changes induced by exogenous G72 in Cos7 cells by analyzing the frequency distribution of five distinct mitochondrial morphotypes: perinuclear aggregated, predominantly tubular, tubular and vesicular, predominantly vesicular, and completely vesicular or fragmented mitochondria. 17 Our analysis revealed that 15 or 20 h post-transfection, the percentage of fragmented and vesicular mitochondria increased significantly at the expense of tubular and mixed mitochondrial shapes (w 2 -test, P < 0.001, comparing each condition versus mock-transfected cells, Figure 3A , d). As expected, significantly less fragmentation (P < 0.0001) was observed 20 h post-transfection of the G72del25 mutant, which shows only partial mitochondrial localization ( Figure 3A, d) . By contrast, transfections with the G72 C-terminal deletion mutant showed that the truncated G72 still retains its capability of inducing fragmentation, despite being expressed at low levels (data not shown, see Figure 2 , d-f). It should be noted that we show results from experiments using the G72R29 variant, but we found that G72K29 is also able to promote mitochondrial fragmentation with the same efficiency (data not shown). This observation is consistent with genetic findings from several independent samples, which show that although the R29K variant is part of disease-associated haplotypes, it shows little or no evidence of association on its own. 2 Previous experiments have demonstrated that mitochondrial fragmentation cannot be caused by overexpression of any mitochondrial protein. 17, 18 Nevertheless, production of high nonphysiological levels of G72 may be a confounding factor in the interpretation of the results outlined above. Because we could not detect and, therefore, monitor the levels of endogenous G72 protein in six tested human cell lines, we have been unable to complement our overexpression analysis with siRNA-based loss-offunction approaches. To substantiate further the role of G72 in mitochondrial morphology, we used an alternative approach, taking advantage of the lowfrequency variegated pattern of expression of endogenous G72 in Hela cells. Levels of expression per cell are B5-10 times lower compared to the overexpression experiments and presumably within the 'physiological' range. Microscopic evaluation of expressing and nonexpressing cells revealed that the subpopulation of cells expressing G72 appeared to have more vesicular and fragmented mitochondrial forms then the nonexpressing cells ( Figure 3B, a-c) . Quantification of mitochondrial morphotypes indeed revealed a significant enrichment of vesicular and fragmented mitochondrial morphotypes in G72 expressing cells when compared to nonexpressing ones (P < 0.0001) ( Figure 3B, d) . Thus, our analysis suggests that the observed G72-induced mitochondrial fragmentation is unlikely to be a non-specific consequence of nonphysiological protein levels.
Finally, we tested whether the induction of mitochondrial fragmentation by G72 can be attenuated by proteins that are known to block mitochondrial fission. The cytoplasmic dynamin-related protein 1 (Drp1) plays a central role in the fission of mitochondria. A mutated form of this protein with dominantnegative activity (Drp1K38A) localizes in large cytoplasmic aggregates, blocks mitochondrial fission and induces a formation of tubular morphotypes. [19] [20] [21] Visual inspection of cells coexpressing G72 and Drp1K38A revealed that mitochondrial fragmentation is drastically reduced ( Figure 3C, a-d) . Quantification of mitochondrial morphology indeed revealed a large reduction of fragmented morphotypes and accumulation of mixed morphotypes in G72/Drp1K38A cotransfected cells as compared to G72-transfected cells (P < 0.0001). Cells transfected only with Drp1K38A showed the expected strong increase in tubular morphotypes (P < 0.0001, compared to mocktransfected cells) ( Figure 3C , e).
G72-induced mitochondrial fragmentation does not depend on induction of apoptosis or alteration in mitochondrial transmembrane potential
Loss of the mitochondrial transmembrane potential (DC m ) can trigger the fragmentation of mitochondria. 22 To determine whether fragmentation promoted by exogenous G72 is secondary to an effect on DC m , we examined the mitochondrial potential of Cos7 cells overexpressing G72 using the MitoTracker H 2 MRos dye. Mitochondrial activity determines uptake of this dye, which does not emit fluorescence until entering an actively respiring cell. 23 Mitochondria of G72-expressing cells actively and invariably take up the dye showing that they are functional (Figure 4, a-c) . Fragmentation of mitochondria can also occur in response to apoptotic stimuli. 24 Initial qualitative observations of transiently transfected Cos7 cells did not reveal widespread G72-induced apoptosis. A TUNEL (terminal dUTP nick-end labeling) apoptosis assay also provided no evidence for induction of apoptosis 15 h (Figure 4, d-f ) and 20 h following G72 transfection (data not shown). Apoptosis also promotes the release of cytochrome c resulting in a diffuse cytochrome c staining pattern. 25 To further investigate whether longer exposure to transfected G72 induces apoptosis, we fixed the cells after 36 h and immunostained for cytochrome c and G72. We found that in both G72-positive and -negative cells, cytochrome c was restricted to mitochondria ( Figure 4, g and h) . By contrast, in cells treated with the apoptotic agent actinomycin 
Increase in G72 levels results in mitochondrial fragmentation and increased dendritic branching in primary neurons
We examined whether, in addition to cell lines, G72 modifies mitochondrial shape in primary neurons. To this end, we established primary cultures of rat hippocampal neurons and investigated their mitochondrial morphology. Three main mitochondrial morphotypes are observed in these neurons: tubular (predominantly elongated mitochondria), mixed (shorter tubular and fragmented mitochondria) and completely fragmented mitochondria. G72 was transfected at 6 days in vitro (DIV 6) and examined 20 h later. Analysis of the distribution of mitochondrial morphotypes showed that following G72 transfection the percentage of fragmented mitochondria increased significantly, compared to mock-transfected neurons which predominantly displayed tubular and mixed mitochondrial morphology (P < 0.0001, Figure 5A ). Thus, increases in G72 levels invariably result in mitochondrial fragmentation in both cell lines and primary neurons.
Similar to the mammalian cell lines, G72-induced fragmentation proceeded in the absence of increased cell death (not shown). Remarkably, mitochondrial fragmentation was accompanied by an increase in dendritic complexity ( Figure 5B, a-e) . Analysis of neurons transfected on DIV day 6 and analyzed 20 h later revealed an increase in branching points (P = 0.001) (Figure 5B, c) , as well as in the number of both dendritic segments and dendritic terminals (P = 0.0016 and P = 0.006) ( Figure 5B, d and e) . Interestingly, there was no significant difference in the total length of the dendritic tree ( Figure 5B, f) reflecting an increase in the number of shorter branches at the expense of longer ones ( Figure 5B, c) . Increase in dendritic complexity was accompanied by an increase in the number of mitochondria along the dendritic shafts (expressed as number of mitochondria/mm of dendritic tree, P = 0.0059) ( Figure 5C ) indicating that G72 modifies the distribution of mitochondria in dendrites, probably by promoting their fragmentation. Increased fragmentation leads to higher numbers of shorter mitochondria that were shown to be more mobile, 26 and thus may be faster delivered to sites of intense growth, facilitating the increase of dendritic complexity. Analysis of more mature neurons transfected with G72 on DIV 12 revealed robust mitochondrial fragmentation (data not shown), but a lack of effect on dendritic branching (data not shown). Thus, G72 overexpression appears to promote dendritic branching only within the period of active dendritogenesis in synaptically immature neurons. G72 does not bind or modulate the activity of DAO in two mammalian cell lines Chumakov et al. 3 provided in vitro evidence suggesting that G72 binds to and activates D-amino acid oxidase, an enzyme located in peroxisomes and known to modulate levels of D-serine, an agonist of NMDA receptors. 8 We, therefore, examined whether G72 can function as a physiological regulator of DAO activity in mammalian cells, as originally suggested. In agreement with previous reports, 27, 28 we found that in Cos7 cells transfected with an expression construct containing flag-tagged human DAO, the enzyme is predominantly targeted to peroxisomes ( Figure 6A , a-c) with no evidence of mitochondrial localization ( Figure 6A, d-f ). G72 does not colocalize with the peroxisomal marker PMP70 ( Figure 6A, g-i) , and in cotransfection experiments we could not demonstrate colocalization with DAO ( Figure 6A, j-l) . Moreover, in co-immunoprecipitation experiments using homogenates from Cos7 cells cotransfected with myc-tagged G72 and flag-tagged DAO, immunoprecipitation of G72-myc ( Figure 6B ) or DAO-flag (data not shown), followed by a Western blot analysis, provided no evidence of physical interaction between the two proteins. To further scrutinize the relation between DAO and G72, we used the U251 glioblastoma cell line, which expresses endogenous peroxisomal DAO ( Figure 6C, a and b) . We used a modified fluorescent assay 11 designed to monitor DAO activity in situ, to investigate whether exogenous G72 can affect DAO enzymatic activity in this cell line. U251 cells were transfected with G72, or flag-tagged DAO and incubated in a buffer containing D-proline, a DAO substrate. Peroxide released by DAO activity leads to a deposition of a fluorescent precipitate (see Materials and methods). In control experiments, under conditions that minimize background deposition, we found that increasing the levels of DAO following the transfection with human flag-tagged DAO invariably results in a pronounced increase in enzymatic activity and consequently in deposition of the fluorescent precipitate ( Figure 6C, c and d) . The intensity of fluorescence is correlated with the increase in the levels of DAO expressed by individual cells (data not shown). By contrast, exogenous G72, which is targeted to mitochondria ( Figure 1A , j-l), invariably fails to modify the basal DAO activity ( Figure 6C , e and f). Taken together with the lack of detectable subcellular colocalization and physical interaction, this result makes it unlikely that G72 can directly and robustly regulate DAO activity in the tested mammalian cell lines.
Discussion
G72 is a strong candidate susceptibility gene for schizophrenia and bipolar disorder, whose function remains enigmatic. G72 represents a rare case of a primate-specific gene, 3, 5 it shows a complex alternative splicing pattern and some unusual genomic features that may be related to its rapidly evolving structure. 6, 29 The gene is expressed at relatively low levels in the adult brain, although the pattern and level of its expression during development is still uncharacterized.
Here we provide evidence that LG72, a splicing isoform of the gene with the longest open reading frame, encodes for a mitochondrial protein, a finding indicative of a previously unrecognized mitochondrial function of G72. It is unknown how many of the other splicing isoforms are also located in mitochondria, and this will be the subject of future investigation. Inspection of the sequence of the known isoforms reveals that LG72 and splicing variant 4 7 share the first 25 N-terminal amino acids which Inset in (a) shows G72-myc expression. Quantification of the number of dendritic branching points (c), segments (d), terminals (e) and the total dendritic length (f). n (G72-myc) = 9, n (mock) = 9. Cells from four independent experiments were quantified. (C) Representative images showing mitochondrial distribution in neurons transfected with G72-myc and mock-transfected neurons (left); quantification of the number of mitochondria in dendritic shafts (right). The number of mitochondria was calculated as the total number of mitochondria within the dendritic tree, divided by the total length of the dendritic tree. n (G72-myc) = 6, n (mock) = 6. **P < 0.005, ***P < 0.0005. appear to be critical for the mitochondrial localization of LG72, indicating that splicing variant 4 may also be found in mitochondria. Another primate-specific mitochondrial protein (with homology to bacterial cyanate permease) has been recently described, 30 and at least one of the recently identified proteins undergoing rapid adaptive evolution in primates is linked to increased mitochondrial metabolism. 31, 32 The significance of a primate-specific mitochondrial protein is not clear but may be related to the increased energetic needs of a primate brain due to the dramatic increase in parallel synaptic processing power. Consistent with this notion, a recent examination of the large-scale organization of gene coexpression networks in human and chimpanzee brains identified a human-specific cortical module of coexpressed genes, which contains a number of genes involved in energy metabolism and is functionally connected with genes involved in mitochondrial morphology (such as Drp1), synapse formation, vesicle docking and cytoskeletal regulation. 33 The exact function of the G72 protein remains unknown. One novel observation of this study is that expression of G72 promotes mitochondrial fragmentation in several mammalian cell lines, as well as in primary neurons. Importantly, relatively low levels of G72 are sufficient to induce fragmentation, as suggested by the observation that expression of physiological levels of endogenous G72 in Hela cells is correlated with increased frequency of fragmented mitochondria in this cell line, as well as by the observation that a C-terminal truncation of the G72 protein that results in drastically lower protein levels, is still able to induce mitochondrial fragmentation when transfected in cell lines. In addition, G72-induced fragmentation proceeds in the absence of apoptosis or alterations in mitochondrial transmembrane potential. These observations are consistent with a potential role for G72 in modulating the morphology (fission/fusion) of the mitochondrial network 34 and thus indirectly affecting key mitochondrial operations, such as oxidative phosphorylation, regulation of apoptosis and mitochondrial transport. 25, 35 It should be noted, however, that because we have been unable to complement our analysis with loss-of-function approaches, a role of G72 in modulating the dynamic morphology of the mitochondrial network should be considered tentative for now, and other mitochondria-related functions cannot be excluded. Nonetheless this possibility is intriguing and should further be explored in future experiments. Indeed, insights on how impaired mitochondrial dynamics may influence the risk of psychiatric disorders are provided by the discovery that two human motor and sensory neuropathies 17, 36, 37 are caused by defects in genes modulating mitochondrial morphology, a finding that highlights the importance of normal mitochondrial network structure for neuronal and glial biology.
Another novel observation of this study is that increase in G72 levels in immature neurons is accompanied by a robust increase in dendritic arborization. Synaptically immature neurons have shorter and more mobile mitochondria, compared to mature neurons, 26 and their dendritic spines also show greater association with mitochondria. 38 It is believed that this is due to the specific demands of developing neurons, which are going through dynamic and energy-demanding processes of neurite elongation. Mitochondrial motility may have a permissive role in neurite growth as shorter mitochondria may be easier and faster delivered to sites of intense growth. Therefore, induction of dendritic arborization by G72 may be related to induction of mitochondrial fragmentation, which may further enhance mitochondrial density and activity in dendrites during periods of active dendritogenesis. The attenuation of this effect in more mature neurons may be related to the onset of dendritic maturation, which typically occurs at DIV 12-14 and is characterized by a large decrease in dendritic protrusive activity and increased synapse formation. 39 Once a dendritic branching pattern is established, changes in mitochondrial dynamics cannot affect it any longer although, as previously shown, they become critical for dendritic spine and synapse formation, as well as synaptic plasticity. 38 Whether G72 modulates these latter processes remains to be determined.
Finally, an unexpected finding of our study was our failure to confirm, in two mammalian cell lines, the previously proposed association between G72 and DAO, a hypothesis that motivated genetic association studies to test a role of the DAO gene in schizophrenia, as well as bipolar disorder. We have been unable to demonstrate subcellular colocalization and physical interaction between the two proteins upon overexpression in Cos7 cells and have failed to demonstrate that G72 modifies basal endogenous DAO activity in situ in the U251 glioblastoma cell line. The reasons for the discrepancy between our conclusions and that of Chumakov et al. are at present unclear. It should be noted that Chumakov et al. identified a putative physical interaction between the two molecules in a yeast two-hybrid screen and in vitro assays using purified LG72 (the same isoform used in this study) and DAO, but did not attempt to confirm it using immunoprecipitation from mammalian cell extracts. Thus, it is possible that the in vitro enhancement of DAO activity by LG72 is due to non-specific interactions, which do not occur under physiological, compartmentalized conditions of the cell. However, negative results are difficult to interpret and further work in additional cell lines and animal models will be necessary to test the proposed association between G72 and DAO. In addition, since several other splice variants of G72 have been identified on the mRNA level, 3 we cannot exclude the possibility that some of them may be targeted to the peroxisome and could influence DAO signaling. If our negative findings are confirmed in further studies, the 'NMDA-hypofunction' rationale behind the hypothesis that G72 is a susceptibility gene for schizophrenia would be weakened. Nevertheless, the issue of whether or not the existing association studies support a role of variants in the vicinity of the G72 gene in schizophrenia and bipolar disorder susceptibility should be judged independently of the underlying functional rationale, especially because this gene was identified initially via a nonhypothesisdriven positional cloning approach. In that regard, and irrespective of the precise role of G72 in mitochondrial biology, it is well established that the nervous system is particularly sensitive to mitochondrial dysfunction, likely due to high-energy demands and the need for proper intracellular distribution of mitochondria (for review, see Chen and Chan 40 ). Notably, mitochondrial dysfunction is increasingly being noted in schizophrenia, bipolar disorder and other mood disorders, based on the expression pattern of mitochondria related genes, as well as on morphological and biochemical analysis of mitochondrial function in patients [41] [42] [43] and animal models. 44 
